Background. Drosanthemum, the only genus of the tribe Drosanthemeae, is widespread over the 19
Introduction 44
In the south-western corner of Africa, the iconic leaf-succulent Aizoaceae (ice plant family, 45
including Lithops, 'living stones'; Caryophyllales) is one of the most species-rich families in the 46 biodiversity hot-spot of the Greater Cape Floristic Region (GCFR; Born, Linder & Desmet 2007; 47 6 monophyletic (and in which circumscription) is less clear (e.g., Klak, Hanáček & Bruyns 2017b) . 135
For example, molecular phylogenies identified two species erroneously included in 136 Drosanthemeae. One of these, Drosanthemum diversifolium L.Bolus, was first transferred to 137 Knersia H.E.K.Hartmann & Liede, a monotypic genus placed in Ruschieae Schumann 2013), and later to Drosanthemopsis Rauschert (Ruschieae) by Klak, Hanáček & 139 Bruyns (2018) . The second species, Drosanthemum pulverulentum (Haw.) Schwantes, with a 140 xeromorphic epidermis untypical for Drosanthemeae, was retrieved as member of the highly 141 succulent clade "L1" in Ruschieae (Klak, Bruyns & Hanáček 2013 ; not yet formally transferred). hard to identify with certainty, a fact that might have hampered investigation of the genetic 168 differentiation among Drosanthemum species. In this study, we build on Heidrun Hartmann's 169 huge field collections of identified specimens of Drosanthemum. The present study would not 170 have been possible without her enduring commitment to collect, diagnose, and formally name 171 species in the Aizoaceae. 172 We present a phylogenetic study of Drosanthemum based on a wide sampling covering more than 173 64% of the species richness and representing all morphology-based subgenera. We analyse 174 chloroplast and nuclear DNA sequence variation using phylogenetic tree and network approaches 175 and assemble a taxonomically verified Drosanthemum occurrence dataset covering even more of 176 the species richness. Specifically, we ask 1) whether Drosanthemum constitutes a coherent, 177 molecularly homogeneous lineage sister to Ruschiaea, or whether it forms an agglomeration (or 178 grade) of several mesomorphic lineages; 2) whether the morphology-based subgenera represent 179 monophyletic groups covering all species diversity in Drosanthemum; 3) whether the difficulties 180 to delimit morphologically recognizable entities in Drosanthemum is paralleled by genetic 181 differentiation patterns resulting in cryptic species and hitherto unrecognized relationships, or 182 similarly, whether the most species-rich subgenus (subg. Drosanthemum) in fact constitutes a 183 clade rather than a "dustbin" for species that cannot be assigned to other subgenera based on 184 morphology; and 4) whether the clades revealed show distinct geographic distributions in the 185
GCFR. 186

Material and Methods
187
Taxon sampling 188 We establish a collection of georeferenced Drosanthemum samples, which are based on sufficient 189 material to identify key characteristics, that is, are well-identified. The 219 We targeted the two cpDNA markers showing the highest intra-generic divergence between the 220 seven Drosanthemum accessions used by Klak, Bruyns & Hanáček (2013) , namely, the trnS-trnG 221 intergenic spacer region and the rpl16 intron, using the primers and protocols provided in the 222 original paper. In addition, the two cpDNA intergenic spacers trnQ-5'rps16 and 3'rpS16-5' trnK 223 9 were amplified with primers trnQ (UUG) and rpS16x1 and with primers rpS16x2F2 and trnK (UUU) , 224 respectively (Shaw et al. 2007 sequence motifs (LP, such as multi-A motifs, which were only considered when including 292 mutations additional to length variation); this category also includes more complex length-293 polymorphic patterns such as length-polymorphic AT-dominated sequence regions; and (iv) 294 oligo-nucleotide motifs (ONM, short motifs with apparently linked mutations that can slightly 295 differ in length, which were treated as a single mutational event; inversions, like the ones found 296 in the pseudo-hairpin structure of the trnK-rps16 spacer, are a special from of ONMs). Single-297 nucleotide length polymorphisms (SNLP) were not considered as they often are stochastically 298 distributed and may be derived from sequencing or PCR errors. The input matrices were 299 generated with PAUP* by excluding all parsimony-uninformative sites, indels, LPs, SNLPs and 300
PCR and sequencing
ONMs, and then re-including 'key sites' that best-represent the mutational patterns in the indels, 301
LPs, and ONMs. In case of complex mutation patterns such as indels involving secondary SNPs 302 or modifications, two, rarely three 'key sites' were exported and some cells re-coded to ensure 303 the number of mutational events fits the situation seen in the alignment (examples shown in 304 supplementary information S2). The highly divergent, length-polymorphic 'high-div' region 305 characterising the 5' end of the rps16-trnQ intergenic spacer, was generally excluded from the 306 analysis but included in the haplotype documentation (Liede-Schumann et al. 2019: file 307
Haplotyping.xlsx). The mutational patterns seen here are of high taxonomic value within clades 308 (Liede-Schumann, Meve & Grimm 2019) but cannot be universally aligned across the entire 309 genus, and hence, are not included for ML tree inference and BS analyses. The reasoning for 310 using MJ and SP networks is that at the intrageneric level within subclades ('subclade' refers here 311 to the nine clades within Drosanthemum defined in the Results section) few consistent mutations 312 can result in a flat likelihood surface of the tree space, a situation where parsimony can be more 313 informative than probabilistic approaches (Felsenstein 2004) . In contrast to phylogenetic trees, 314 MJ and SP haplotype networks directly depict ancestor-descendant relationships, and hence, can 315 assist in deciding whether inferred clades in the tree are monophyletic in a strict sense, i.e. groups 316 of inclusive common origin (Hennig 1950 ; see also Felsenstein 2004, chapter 10). MJ networks 317 include all equally parsimonious solutions to a data set and produces n-dimensional splits graphs 318 that can include topological alternatives. Because the MJ network used for cpDNA haplotype 319 data can easily become diffuse or complex, especially when analysing interspecific relations, we 320 summarized the inferred haplotypes into haplotype groups for visualizing and interpreting MJ 321 networks (see Results -Inter-and intra-clade differentiation patterns). 322
Results
323
Genetic diversity patterns 324 We targeted the most variable cpDNA gene regions currently known for Aizoaceae, which 325 provided a relatively high number of distinct alignment patterns (Table 1) The nuclear-encoded ITS region is low-divergent and shows little tree-discriminative signal, 346 which is typical for the Aizoaceae (e.g., Klak, Bruyns & Hanáček 2013) , and was not included 347 for defining major clades and testing their coherence with the earlier proposed subgenera. Still, 348 the genetic diversity present (Table 1 ) allows for the identification of more ancestral vs. more 349 derived genotypes (supplementary information S3), which was mapped onto the cpDNA tree 350 ( Fig. 3) . 351 mutually exclusive (reciprocally monophyletic) clades, Va and Vb (Fig. 4) . In general, 407 haplotypes of clade Vb show more uniquely shared mutational patterns than those of clade Va 408 ( Fig. 7) . Figure 7 includes also the relatively similar haplotypes of the sister lineage, clade VI, 409 which can be used to root the MJ networks (note that the edge length reflects the difference in the 410 variable genetic patterns within clade V and does not include sequence patterns uniquely found in 411 clade VI). Two markers, trnK-rps16 and trnS-trnG, reflect the assumed reciprocal monophyly of 412 both clades. Drosanthemum gracillimum is not included in clade Va or Vb (Figs 3, 4 ). Only two 413 of the considered cpDNA markers are available for this species, trnS-trnG and rps16-trnQ, with 414 no lineage-diagnostic sequence pattern and obviously showing the putative ancestral haplotype 415 within clade V (Fig. 7) . 416
Phylogenetic inference and potential Drosanthemum roots
Whereas haplotypes can be very divergent at the inter-and even intra-clade level (e.g. Fig. 5 ), 417 they are relatively similar to each other in the smaller clades VII-IX (Fig. 8 ). Drosanthemum 418 longipes trnS-trnG and rps16-trnQ haplotypes are highly similar to those of clade VII. Each gene 419 region has a series of mutational patterns in which D. longipes and all members of clade VII are 420 distinct from clade VIII and IX. In the lowest-divergent trnK-rps16 intergenic spacer region, the 421 D. longipes haplotype can directly be derived from the one of clades VIII and IX (Fig. 8) . 422
Drosanthemum longipes is genetically closer to the putative Drosanthemum ancestor than to 423 members of clade VII. In contrast, the haplotypes of D. zygophylloides are visibly unique within 424 the genus (Fig. 8) , which is also reflected in its long terminal branches in the cpDNA tree ( Fig.  425 3). 426 is consistent with an initial bottleneck early in the evolution of Drosanthemum followed by rapid 458 diversification ( Fig. 9, supplementary information S3) . Similarly, analyzed plastid sequence 459 variation provide sufficient information to resolve nine well-supported clades within the genus 460 Drosanthemum. However, the 'backbone' relationships among the nine clades, or to be precise, 461 the six lineages, are not resolved (Figs. 3, 4) . Taken together, the difficulties to separate and 462 clarify the exact sequence of early branching events is a characteristic pattern in (rapid) 463 evolutionary radiations among the plant tree of life, and has been exemplified at various 464 phylogenetic levels, for example, in Saxifragales in three subclades Ia, Ib, and Ic, but morphological characters defining these clades cannot yet be 484 named. Hence, this species-rich subgenus is obviously biphyletic, but species assigned to it are 485 not distributed all over the tree, i.e. subgenus Drosanthemum does not appear to be a "dustbin" 486 for species that cannot be assigned based on morphology to any other subgenera. 487
Identification of ITS genotypes in Drosanthemum
The discussed clades I-III, together with clade IV, constitute the informally named Meve & Grimm (2019), who did not find any consistent morphological differences between these 514 samples and suggested a case of 'pseudo-cryptic speciation' (i.e. morphological analyses may 515 find differences among these species if their potential is fully utilized; Mayr 1963; Sáez et al. 516 2003) . A similar case is found in D. muirii L.Bolus, of which the two samples are retrieved with 517 good support in subclades Ia and Ic, respectively (Fig. 3) . 518
Distinct geographic distributions in the Greater Cape Floristic Region
Inside the genus Drosanthemum, six lineages originate from a soft polytomy (precisely, they root 520 in an unsupported part of the tree; Fig. 3 ), suggesting a radiation right at the start of the 521 evolutionary history of Drosanthemum. To which extent this radiation was driven by ecological 522 or geographical factors remains an open question. Interestingly, several clades comprising only 523 3-6 species are distributed over a restricted geographical range: clade VI Necopina (6 spp), clade 524 VII Quastea (4 spp), and clade VIII Quadrata (3 spp) restricted to the western part of the Cape 525 Mountains (Fig. 10, F-I) . One species-poor lineage, clade IX Decidua (3 spp.), extend along the 526 West Coast into Namibia Fig. 10, J) . Species in clade V, 14 in clade Va Speciosa and 6 in clade 527
Vb Ossicula, are almost restricted to the fynbos of GCFR (Fig. 10, F) , whereas the comparatively 528 higher species number in Speciosa might be the result of more thorough studies in this showy, 529 horticulturally valuable subgenus (e.g., Hartmann 2008 , Hartmann & Le Roux 2011 . Notably, 530 these clades are genetically and morphologically coherent, that is, possess unique and derived 531 sequence patterns as well as characteristic morphologies. 532
The more or less narrow distribution pattern of these clades (Figs. 10, F-I) contrasts to a wide 533 distribution of the 'Drosanthemum core clade' (Fig. 10, B-E Drosanthemum as a genetically well-structured but heterogenous lineage of mesomorphic plants 558 that is, however, less species-rich than its sister clade; a pattern of diversity distribution common 559 in the plant tree of life (Donoghue & Sanderson 2015) . Still, our analysis suggest that 560
Drosanthemum is not simply a depauperate lineage sister to a radiation, but instead exemplifies a 561 radiation by itself as indicated by complex plastid and nuclear DNA sequence differentiation 562 patterns (Figs. 3, 4, 9) , and the, for Aizoaceae unusual, flower and fruit diversity present in the 563
genus. 564
Occurrence patterns among the evolutionary lineages might further indicate geographic factors 565 playing a role in species diversification in Drosanthemum. While most of the evolutionary history 566 of the genus seem to have taken place in a relatively mesic environment in the southwestern parts 567 in the GCFR, several lineages apparently have started to adapt to more arid and/or winter-cold 568 areas. Genetically relictual species from at least two early radiations co-exist among rapidly 569 evolving lineages, reflecting species-delimitation problems in species-rich clades. This is 570 mirrored in in the present study that largely supports the current taxonomic concepts in 571 Table S4 ). 880 
